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FOR THE PERIOD ENDING HAY 31, 1975 
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The first part of the progress report for this period is a brief account 
of measurements on an important sample, not yet prepared for publication. 
The second part consists of two reprints and one preprint of completed 
work, published or in press. 
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I. K, Th, and U CONCENTRATIONS IN RAKE SAMPLE 15386 
G. D. O'Kelley, J. S. Eldridge, E, Schonfeld, ^ and K. J. Northcutt 


2 3 

KREEP is ubiquitous at the Apollo 15 site and has been estimated * 
to be present at concentrations of more than 20% in some Apollo 15 soils 
and breccias . Basalt fragments with fresh subophitic textures and charac- 
teristic KREEP chemistry were discovered in soil 15023 by Meyer 1 *. Thin 
sections of rake samples 15382 and 15386 have textures expected for KREEP 
basalts, and we have now completed measurements on the radionuclide con- 
tents of both. 

Earlier we reported^ our results on 15382, and in the present re- 
porting period we completed measurements on 15386. In Table 1 we compare 
K, Th, U, and concentrations of 15382, 15386, 14310, and KREEP. Our 

data on 15382 and 15386 were determined on very small samples with our 
nondestructive gamma-ray spectrometry method. 

The primordial radioelement concentrations of 15382 and 15386 are 
similar, and they, in turn, closely resemble the concentration pattern 
of KREEP. No other lunar rock type has K, Th, and U concentrations simi- 
lar to KREEP. Thus, both 15382 and 15386 could be pure KREEP or a mixture 
with only slight contamination. It is difficult to be more quantitative 
in comparing the data of Table 1, because the variability of primordial 
radioelement concentrations in KREEP is about 30%. 

The information presented here shows that 15382 and 15386 are im- 
portant samples for additional studies of chemistry , mineralogy , and 
radiogenic age . 
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pp. 1397-1420, MIT Press, 1972. 

4. C. Meyer, Jr., Lunar Science-Ill , p, 542, C. Watkins, ed. , Lunar 
Science Institute Contr. No. 88, 1972. 

5. E. Schonfeld, G. D. O'Kelley, J. S. Eldridge, and K. J. Northcutt , 

The Apollo 15 Lunar Samples , pp. 253-254, J. W. Chamberlain and 

C. Watkins, eds,, The Lunar Science Institute, Houston, 1972. 



Table 1. Radionuclide Concentrations 


Sample 

weight 

(g) 

K 

(ppm) 

U 

(ppm) 

Th 

(ppm) 

28 A1 
( dpm/kg ) 

K/U 

Th/U 

15386 

6.41 

4970±200 

3010.15 

11.8+0.3 

9419 

1500 

3.6 

153C2 a 

2.24 

49001500 

3.1 10.4 

10.510.5 

74120 

1610 

3.4 

14310 b 

— 

4250 

3.06 

10.8 

— 

1390 

3.5 

KREEP C 

— 

520C 

4.5 

17.2 

— 

1160 

3.8 


a Schonfeld, et al. , ref, (5). 


Average of values from the literature. 
Schonfeld and Meyer, ref. (3). 
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II. REPRINTS AND PREPRINT OF COMPLETED WORK 


This section of the report contains the following articles , published or 
in press. 


1. J. S. Eldridge , G. D. O' Kelley, and K. J. Northcutt, "Primordial 
Radioelement Concentrations in Rocks and Soils from Taurus- Littrow , " 
Proc, Fifth Lunar Sci. Conf. , Vol. 2, pp. 1025-1033, Pergamon, 1974 
(Reprint). 

2. G. D. O'Kelley, J. S. Eldridge, and K. J. Northcutt, "Cosmogenic 

Radionuclides in Samples from Taurus-Littrow: Effects of the Solar 

Flare of August 1972," Proc. Fifth Lunar Sci. Conf ♦ , Vol. 2, 

pp. 2139-2147, Pergamon, 1974 (Reprint J7 

3. J, S. Eldridge, G. D. O' Kelley, and K. J. Northcutt, "Primordial and 
Cosmogenic Radionuclides in Descartes and Taurus-Littrow Materials : 
Extension of Studies by Nondestructive Gamma-Ray Spectrometry," 
preprint accepted for publication in Proceedings of the Sixth Lunar 
Science Conference, Vol. 2. 


Preceding* of ihe Fifth Lumir Conference 
( Supplcmenl 5i GeochimtVn el CWnochimtCa Ailaj 
Vo). 2 pp. t(>2MIW 11^4] 

Printed in Ihc United Stale* of America 


Primordial radioelement concentrations in rocks and soils 
from Taurus-Littrow* 

James S. Eujridob, G. Davis 0’Kei.lby, and K. J, NoRTHCurr 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

Abstract— Primordial radioclcmcnt (K, Th, and U) concentrations were determined nondcstructlvely 
by gamma-my spectrometry in thirteen soil and thirteen rock samples from the returned sample 
collection from Taurus-Littrow. Soil samples investigated were: 71131, 71501, 73121, 73131, 73141, 
73221, 73241, 73261, 73281,76501,78501,79221, and 79261. Rock samples were: 70135.70185,70215,4, 
71135, 71136, 71175, 71566, 73215, 73255, 73275, 76295, 78597, and 79155, 

Concentrations of K, Th, and U in the soil samples were found to have a narrow range of values for 
seven light-mantle soils that were distinctly different from those values for the other six soils in this 
study. The Th content of the light soils is the same as that found from the orbiting gamma-ray 
spectrometer determination of Trombka et ai (1973), Little or no variation of primordial radioelement 
content was observed as a function of depth, color, or texture in trench samples, 

Variations of Th/U and K/U were observed in three types of basaltic rocks. These observations 
lend geochemical evidence to the speculation Ilia** two or three separate subfloor basalt units were 
sampled at the Taurus-Littrow site. Correlation o? K/U mass ratios with potassium content of the 
Apollo 17 materials indicate a possible two component mixing of subfloor basalt and KREEP as end 
members to produce soil and breccias at Taurus- Lit trow. 


Introduction 

The returned sample collection from Taurus-Littrow contained materials from 
three of five expected geologic units. Soil and rock samples were obtained that 
characterize the subfloor unit and its associated regoiith, the light mantling 
material, and the highlands material from the North and South Massifs. Nondes- 
tructive gamma-ray spectrometry was used on a suite of rock « ‘oil samples 
from each of the geologic units at Taurus-Littrow to determir* Mv; content of 
primordial radioclcments (K, Th, and U) along with radionuclides produced by 
galactic and solar proton activation. Results and interrelationships of the activa- 
tion product content of the same group of samples reported here are presented in 
a companion report in this volume (O’Kellcy et n/ M 1974). 

A measure of the total radioactivity of the moon can yield important informa- 
tion concerning its thermal history. Schonfeld (1974a) estimated that the moon’s 
upper mantle (or that part of the moon where most lunar samples were derived) 
has an average U concentration of 0.085 ppm. Wanke et ill (1973, 1974) calculated 
an average U concentration of 0.086 and 0,077 ppm for the part of the moon that 
underwent magmatic differentiation. Both Schonfeld (1974a) and Wanke et al 
(1973) indicated that their calculated U average concentrations were consistent 


♦Research carried out under Union Carbide’s contract with the U.S, Atomic Energy Commission 
through interagency agreements with the National Aeronautics and Space Administration. 
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with experimentally determined heat (low values from the Apollo 15 and 17 
missions* In addition, the Th values reported here served as an important 
correlation with orbiting gamma-ray spectrometer measurements (Trombka et «/., 
1973). 

Part of the results from this study were obtained during the preliminary 
examination period of the Apollo 17 mission and arc included in the LSPkP 
(1973a) report* The present report includes additional results and further charac- 
terization of Th~U and K-U correlations that had been observed in samples from 
other Apollo landing sites* 


Experimental Methods 

The gamma-ray spectrometer system used in these studies has been previously described (O'Kdtcy 
ct ai t (970) and {Uldridgc ct at., 1973)* Resolution of the complex gamma-ray spectra from both the 
coincidence matrix and from the summed output of the single detectors was accomplished with 
ALPHA-Mi if program for quantitative radionuclide determination (Schonfcld. 1967). Accurate 
replicas of all rock samples in this study were made from rock modi'* provided by the Curator's 
OfHcc, Johnson space Center. Standard gamma-ray spectrum libraries were acquired by measurement 
of accurate replicas (containing standards for each nuclide sought) under the same experimental 
conditions as the lunar samples* Error values listed \ )r all determinations in this scries are overall 
estimates including counting statistics and system calibrations. Sample weights ranged from 24 to 
3600 g for the rock samples wiin the median weight near 400 g. Soil samples were nominally 50 or 100 g 
aliquots of <1 mm fines* Density determinations for rock sample*, were made by determining the 
volume of thin-shellcd aluminum replicas by pressing aluminum foil around the rock models to make 
hollow shells. Prom the weight of the lunar sample and the volume of its replica shell, density values 
were calculated. 


Results and Discussion 

Rock and soil samples from a number of sampling stations were studied in 
order to characterize the primordial radioelemmt content of each of the geologic 
units at Taurus-Littrow. Figure I shows a diagram of the Apollo 17 landing site 
with (he traverses, sampling stations, and major physiographic features indicated* 
Sampling stations are indicated by the bold-face Arabic numerals* Samples 
measured in this study are listed near the corresponding sampling station* 
Primordial radioelcmcnt concentrations for the 26 samples in this study are shown 
in Table 1. 

The Apollo Field Geology Investigation Team speculated that sampled sub- 
floor basal Is were derived from 20 to 130 m depths, and that the stratigraphically 
lowest basalt unit was vesicular and coarse-grained. Other stratigraphic units 
graded upward to coarse-grained porphyritic, vesicular fine-grained, and finally 
aphanitic basalts in the shallowest recognizable type (AFGJT, 1973)* Tabic 2 
contains average primordial radioelcmcnt concentrations for 16 basalt samples, 
from this study and LSPET (1973a), grouped according to fine-, medium-, and 
coarse-grained classifications of LSPET (1973a). The average value for the K/U 
of fine-grained basalts is significantly different from that ratio in the medium and 
coarse basalts. This geochemical difference observed here in the discrepancy of 




Pttfl VU»> VAP AP lO «7 *A.Oi>S L' TT »* A ‘ *** ’* *•* A 


Kig I Apollo P landing area in the Taunt*-! itlro* region Bold faced Arab*. mime iK indicate sampling station and toe digit numerals indnatc 
simple number v » ,th muIs has mg a I as the final dipt 11* coordinates for the lunar rmnlulr 1 1 M>arc latitude 10 N and Wmpludc W*V 
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Tabic 1. Primordial rndioelcinent concentrations in Apollo 17 samples. 


Sample 

number 

Density 

fts/cm’) 

Type* 

K (ppm) 

Th (ppm) 

U (ppm) 

Th/U 

K/U 




Rocks 




70135 

3*0 

cb 

500 + 30 

0.31 ±,02 

0.12 + .01 

2.6 

4170 

70185 

3.0 

CB 

420 + 35 

0.30 + . 03 

0.10 + .02 

3.0 

4200 

702 1 5*4 

3.3 

fb 

320 + 64 

0,36 * .03 

0,13 ±,03 

2.8 

2500 

71135 

1.9 

FB 

350 + 40 

0.60 + .05 

0.14 + .03 

4,3 

2214 

71130 

2,4 

FB 

370+100 

0.45 + .06 

0.22 * .05 

2,1 

1680 

71)75 

2.4 

MB 

560*28 

0.39 + .02 

0.11 ±.01 

3.5 

5090 

71566 


CU 

450 + 20 

0.31 + .01 

0,092 + ,008 

3.4 

4890 

73215 

2,5 

BR 

1665 + 85 

4.05 * .20 

1.10+ ,05 

3,7 

1514 

73255 

2.4 

BR 

1590 + 80 

3.47 + .17 

1.00 *.05 

3.5 

1590 

73275 

2.2 

BR 

2240+112 

4.53 *.23 

1.20 *.06 

3,8 

1867 

762 95 

2.4 

BR 

2270+ 114 

5.30 + .27 

1.50 ±.08 

3.5 

1510 

78597 

2.6 

FB 

380 + 20 

0.38 ±.02 

0,11 + .01 

3.4 

3454 


2.6 

CB 

440+30 

0.32 +.02 

O.lls.Ot 

2.9 

4000 




Soils (C 1 mm fines) 




7)131 


SS 

625 + 30 

0.67 + .05 

0,23 ± .02 

2.9 

2720 

7)501 


RS 

585+30 

0.75 .*.04 

0.23 ±.02 

3.3 

2540 

73121 


SS 

1160 + 60 

2.63*. 13 

0.72 + .04 

3,7 

1610 

73131 


SS 

1160+60 

2.24 + .11 

0.63 ±.03 

3.6 

1840 

73141 


TB 

1130 + 60 

2.25 ±.l! 

0.63 ± .03 

3.6 

1790 

73221 


'IT 

1180 + 60 

2,13 — .1 1 

0.63 ± .03 

3.4 

1870 

73241 


TM 

1220*60 

2.25 ± . 1 1 

0,64 ± .03 

3-5 

1910 

73261 


TB 

ioyo ±60 

2.40 + .12 

0.67 + .04 

3.6 

1630 

73281 


TB 

1180 ±150 

2.33 +.11 

0.58 ±.04 

4,0 

2030 

76501 


RS 

900 + 50 

1.39 ± .14 

0.38 + .04 

36 

2370 

78501 


RS 

770 + 40 

ui*.ii 

0.28 + .03 

4.0 

2750 

79221 


TT 

700 + 40 

1.12 ±.06 

0.36 ±.03 

3.1 

1940 

79261 


TB 

700*40 

1.08 + .05 

0.31 ±.02 

3.5 

2260 


*CB = coarse basalt, PH = fine basalt, MB » medium basalt, BR- breccia, TT trench top, 
TM = trench middle, TB = trench bottom, RS r - rake soil, SS = surface soil. 


K/U grading from coarse-grained to the fine-grained basalts would tend to verify 
the speculation of separate flow units in the mare basalts from the subfloor at 
Taiirus-Littrow. 

Basalt samples have Th/U ratios distinctly lower than the usual lunar and 
terrestrial value of —3.8. Medium and coarse basalt have K/U ratios of ~4300; 
differing greatly from the previously observed lunar average of —2500 (Schonfeld, 
1974a). These geochemical differences indicate not only that the basalt flows filling 
the Taurus-Littrow Valley are different in themselves, but also different from 
previously sampled basalts from other Apollo sites, Duncan et al. (1974a) have 
noticed differences in K/Zr ratios of Apollo 17 samples compared to a near 
constant ratio they observed in Apollo 12, 14, and 15 samples. They correlated 
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fable 2 Average prtmo. » I raAu rlr mciil u wlml «d \p«*llo I* roeks 


Risk lype 

No 

K i ppm 1 

Th I ppm > 

l (ppm) 

T hlV 

K/U 

bine basall 

* 

1*2 

040 

0 14 

\ ini • 24 

2901 • 

2oo 

Medium basalt 

4 

444 

0 01 

on 

> 4* • 24 

401 * t 

201 

('«sir *c basalt 

li 

49* 

0 U 

0 II 

VII * I* 

4*90 * 

2*2 

Breccia 

4 

1940 

4 VI 

1 20 

• 12 

1020 * 

V7 


K//r ratios with TiO contents and invoked a two stage origin for high titanium 
mare basalts. 

Primordial radioelcment concentrations in the fom breccia samples of this 
study are approximately an order of magnitude greater than any of the three basalt 
types In addition, the Th IV and K IV values are near normal and overlap those 
from Apollo 1^ and lf> breccia samples (see I ig 2 and ( lark and Keith. 1Y7J) 
Since the primordial radioelement content of the breccias is approximately twice 
that of even the light soils it appears that the breccias could not have been formed 
from simple impact induration of the upper regolith 


o«nl .*g n *400(1 



1 13 2 Values of I he mass ratio K/U as a function of the conccntralKHt of K Xpollo 1 7 
hasalls. soils, and breccias appear to fall on a line lhal intersects KRI I I* 
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The U average value of O.ll ppm shown in 'Fable 2 for basalts is not greatly 
different from the predicted upper mantle average of 0.085 ppm as given by 
Schonfckl (1974a), and from the whole moon (or the part that underwent 
magmatic differentiation) average of 0.077 ppm calcinated by Wiinke et al, (1974). 

Figure 2 shows a comparison of the mass ratio K/U and potassium concentra- 
tion of Apollo 17 samples with earth, meteorite, and other lunar samples. It can be 
seen that the “moon” values fall in a region distinctly different from "earth” and 
most meteorite ratios. Apollo 17 basalts occupy a region which overlaps that of 
Apollo 15 basalts. 

Grouping of the Apollo 17 basalts, soils, and breccias in the K-IJ systematic 
diagram of Fig. 2 indicates a possible two component mixing model for the soils 
and breccias; with coarse basalts and KRfiRP as the end members. In spite of the 
limited number of samples, this observation would lead to the speculation that 
breccias and soils at the Apollo 17 site may be indurated products of KRBGP and 
basaltic materials with the KRBliP component less abundant than that of the Fra 
Maura breccias. Tins speculation is a very limited interpretation and is not as 
complete as the more extensive Apollo 17 regolilh studies by several other groups 
(Duncan et al„ 1974b; Rhodes et al„ 1974; Schonfcld, 1974b). 

The radiocicmcnt content of soil samples from the light-mantle unit differs 
greatly from that of soils collected from other points in the valley floor. Seven 
light-mantle soils in this study yielded average concentrations (ppm) of 1 160, 2.32, 
and 0.64 for K, Th, nnd U, respectively. These concentrations arc 2-3 times as 
great as those of the other six soils in the valley floor regolilh samples from four 
different sampling stations, 

The thorium concentration of 2.32 ppm for the light soil average compares 
favorably with the value of 2.2 ppm determined for a 5° x 5° segment at Littrow by 
Trombka et al. (1973) in their orbital experiments. The orbital measurement covers 
a large area at a marc-highland interface; but Trombka et al. (1973) stipulate that 
the light soils are more typical of the general region covered by the orbital 
spectrometer. Since the orbital measurement averages the Th content of the entire 
5° x 5° segment, it is obvious that the dark valley soils cannot be a substantial 
fraction of the 5°x5° area because of the low Th content of the six dark- .and 
intermediate-albedo soils, 

Three light-mantle soils collected al Station 2a may be examined for near 
surface vertical variations. Samples 73121 and 73131 are surface soils at Station 
2a, while 73141 was collected from the bottom of a 15 cm trench. There is no 
difference in potassium concentrations in the three soils and only slight elevation 
of Th and U in 73121 compared with 73131 and 73141. Field geology studies 
indicate that sample 73140 (the parent soil from which <1 mm fines 73141 were 
sifted) might be the most representative sample of light-mantle fines returned by 
the Apollo 17 mission (ALGIT, 1973). For this reason, analytical results for 73141 
arc especially useful as being representative of South Massif regolith. 

Four samples from a trench in the light mantle at Station 3 were studied to 
determine any primordial radiocicmcnt variations with depth and with color 
variations within the 10 cm trench. It can be seen that there are no significant 
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differences in K, Th, or U concent rat ions in 73221,7324’, /3261, or 73281 even 
though tlicse four samples cover several depth variations from the upper 0,5 cm of 
soil to 10 cm below the surface. The trench smnjiles also include color variations 
from white to gray along with variable agglutinate content (LSPET, 1973a). 

Another pair of trench samples shown in Table I arc 79221 and 79261 from the 
top and bottom of a 17 cm trench exposed in the southeast flank of Van Serg 
Crater ejecta blanket. The surface sample 79221 contains twice as much aggiuti- 
note (ubiquitous soil component consisting of mineral and lithic detritus bonded 
by grapelike clusters of brown glass) as tlw trench bottom, 79261, along with very 
different breccias (AFGIT, 197.1). Again, this pair of samples shows no primordial 
radioclcmcnt differences in spite of major color, texture, and depth variations. 
This Station 9 trench pair is greatly different in chemical composition from the 
Stations 2a and 3 soils; and their K, Th, and U concentrations arc similar to the 
dark soils at Taurus-Uttrow. 

A surface soil and a rake soil collected about 15 nt apart at Station I (71 131 and 
71501) contain K,Th, and U concentrations that are similar to those of the basalts 
collected at the same location (71 135, 71 136, and 71 175). in addition, these Station 
1 soils are significantly lower in primordial radioclcmcnts than the other dark- or 
intermediate-albedo soils from Stations 6, 8, and 9 listed in Table 1. The Th/U 
ratio for the Station I soils (2.91 *.33 and 3 26±.33 for 71131 and 71501, 
respectively) is much lower than the -3.8 value observed for previous Apollo 
soils. The low Th/U ratio together with the low overall primordial radioelemcnt 
concentrations is a reflection of the high basaltic content of these soils. These dark 
soils from the valley floor contain the lowest primordial radioelemcnt concentra- 
tions of all the other Apollo sampling sites (Eldridge cl ill. (974). 

Thorium to uranium ratios discussed in this paper arc not as precise as those 
measured by some other analytical techniques, such as isotope dilution mass 
spectrometry. The accuracy is limited by uncertainties in both Th and U due to 
statistics of counting. However, the nondestructive -nature of gamma-ray spec- 
trometry measurements allows one to use samples large enough to average out 
sampling inhomogcncitics. Nunes cl at. (1974) reported U and Th concentrations 
of 0.313 and 1.134 ppm, respectively for soil sample 79221; whereas the corres- 
ponding values from Tabic 1 are 0,36 ±0.03 and 1.12 ±0.06 ppm. These compari- 
sons are for the same size fraction (<1 mm fines) of soil 79221. Silver (1974) 
reported U and Th concentrations of 0.406 and 1,337 ppm, respectively for an 
unsieved soil, 78500,6. Uranium and thorium concentrations reported in Table I 
for 78501, the <1 mm size fraction from soil 78500, are 0.28±0.03 and l.lt* 
0,11 ppm, respectively. It is obvious that the differences are outside the reported 
errors. 

Duncan cl al. (1974b) studied both major and trace element concentrations in 
Apollo 17 regolith and noted considerable compositional variations related to 
selenographic position. In addition, those authors separated a dark-mantle soil, 
75081, into four size fractions and noted a significant increase in a KREEP-rich 
component and an “orange soil” component in the finest fraction. The <300 mesh 
fraction of the < 1 mm fines contained 40% more K, 54% n.orc P and 20% less Ti 
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than the coarsest fraction of the mm fines. In addition, Zn, Cu and Ni were 
present in a threefold increase over the coarse fractions. 

Due to the compositional differences in a sieved sample in this work compared 
to the unsieved sample of Silver (1974) and to the significant correlation of a 
KREEP-rich component with the P nest fraction of a dark-mantle soil by Duncan 
et til. (1974b), it can be postulated that analytical results Tor Apollo 17 regolith 
samples should be compared with caution. Large sample populations should be 
studied in order to average sampling defects. Silver (1974) reported average 
uranium and thorium levels in surface soils of the valley fiuur as 0.344 and 
1,09 ppm, respectively. He reported that the average Th/U ratio of 3.14 was 
distinguishably lower than all Apollo mtss’on sites except Apollo 16. 


Conclusions 

Primordial radioclcment determinations in this study have shown geochemical 
evidence in support of field geology speculation concerning layering in the 
subfioor basalt flows along with a possible correlation of magmatic fractionation 
of K/U as a function of depth. Elevated values of primordial radioclcment 
concentrations in breccia samples compared to the soils at Taurus-Liltrow 
indicate that the breccias could not be formed from simple impact induration of 
the focal regolith. On the other hand, similarities of the K, Th, and U content of 
the soils and basnltic rocks (as well as the similar Th/U ratio of —3.1) indicate that 
the dark regolith in the Tatirus-Littrow Valley may be the comminuted product of 
the underlying subfloor unit mixed with other components. 

Correlation of a KREEP-rich component and an “orange soil" component 
with the finest fraction of <1 mm soil by Duncan et al, (1974b), coupled with an 
unresolved analytical uncertainty between an unsieved soil value of Silver (1974) 
and a <1 mm fraction of the same soil in this work, leads to the conclusion that 
Apollo 17 regolith samples arc subject to sampling inhomogeneities. For this 
reason, care should be exercised in comparing analytical results of Apollo 17 
regolith samples obtained with different size fractions. 

Aefcw>iW«/gmeM<s— -The authors gratefully acknowledge the assistance provided by Ihe Lunar Sample 
Analysis Planning Team in granting suitable sample allocations for this study. In uddition. we wish to 
thank the Curator’s staff m Johnson Space Center, especially J. 0. Annexstud, R, S. Clark, nnd M. A. 
Reynolds, for the expeditious processing of the numerous samples in his work. 
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Cosmogcnic radionuclides in samples from Taurus-Littrow: 
Effects of the solar flare of August 1972* 

G. Davis 0’Keu.by, James S. Eldridoe, and K. J. Northcuty 

Oak Ridgy National Laboratory, Oak Ridge, Tennessee 37830 

Abstract— Cosmogonic radionuclide concentrations in a suite of Apollo 17 samples were determined 
nondestructively by use of gamma-ray spectrometers with high sensitivity and low background. 
Samples investigated were rocks 70135,70185,71 135, 7! 136, 71 175, 71566, 73215, 73255, 73275*, 76295, 
76597, and 79 1 55; and < 1 mm fines from soils 7 1 1 3 1 , 7 1 50 1 , 73 12 1 , 73 1 3 1 , 73 14 1 , 7322 1 , 7324 1 , 7326 1 , 
73281, 76501, 78501, 79221, and 79261, Cosmogcnic radionuclides determined In this study were ,; Na, 
*A1, “Sc, “V, 54 Mn, “Co, and ’Be. 

The pattern of radionuclide concentrations observed In these Apollo 17 samples is quite distinct 
from that of any previous lunar sampling mission, due to proton bombardment by the intense solnr 
flares of August 4-9, 1972, This intense proton irradiation made it possible for us to identify 7 Bc in a 
lunar sample for the first time, 

Data on the **Ca and 34 Mn contents of thin surface samples were used to calculate the proton flux 
and rigidity of the August, 1972 solar flare. Wc determined the integrated proton flux J t {> 10 MeV) - 
1.9 x lO ,0 cm"* und for an energy spectrum expressed as the function E~", the shape parameter « was 
found to be l,9*S J. Thus, the solar cosmic ray event of August 1972 exhibited a much higher average 
proton energy than Other flares of cycle 20, which had characteristic values of a =3.0. 


Introduction 

The Apollo 17 voyage of exploration to the valley of Taurus-Littrow yielded the 
greatest scientific benefits of the six manned lunar landing missions. As a result of 
experience on previous Apollo flights, planning for Apollo 17 was characterized 
by a carefully selected landing site of great importance, a high degree of astronaut 
mobility, rapid scientific assessment both on the moon and on the earth, and a 
collection of well-documented samples representative of the geological complex- 
ities of the area. In addition, samples from the Taurus-Littrow Valley proved to be 
of grsat interest because, prior to collection, they had been subjected to proton 
bombardment by the intense sequence of solar flares of August 4-9, 1972. Data on 
radionuclide concentrations in thin surface samples offered the opportunity to 
determine the flux and energy spectrum of the solar flare protons, while samples 
from depth could be used to measure the influence of the galactic cosmic ray 
component. 

As in our studies on samples from previous Apollo flights, we applied the 
methods of nondestructive gamma-ray spectrometry to the determination of 
radionuclides in samples from Taurus-Littrow. Measurements of cosmogenic 
radionuclides in 25 samples from Apollo 17 are reported below. Because several 


*Research carried out under Union Carbide’s contract with the U.S. Atomic Energy Commission 
through interagency agreements with the National Aeronautics and Space Administration. 

2139 


Preceding page blank not filmed 1 



2140 


0, I). 0'KKU.UY ct ai 


radionuclides have short half-lives, it was desirable to begin measurements as 
soon as possible. Our first samples were received six days after splashdown, and 
additional measurements were carried out during the preliminary examination. An 
early account of the results on some of these samples was given in LSPET 
(1973b), and a more complete account in O’Kelley et ai (1974). 

Nondestructive gamma-ray spectrometry has proved to be valuable ns an 
accurate and rapid method for scanning a large number of samples to determine 
concentrations of the primordial radioelcmcnts K, Th, and U in lunar samples. 
Data on the K, Th, and U contents of 26 samples from Taurus-Littrow and 
correlations with local terrain features are reported by Eldridge et ai (1974) in a 
companion paper of this volume. 


Experimental Procedures 

Two gumrr.n-niy scintillation spectrometers were used for these analyses. The first was a Ge(Li) 
detector enclosed In a passive lead shield of 8 cm wall thickness. The delection efficiency at 1332 keV 
was \(i% that of a 7,6* 7.6cm Nal(TI) detector at a sourcc-to«dctcctor distance of 25cm, Energy 
resolution expressed as full width at half-maximum counting rate at 1332 was 2,5 keV. Pulse-height 
distributions were recorded on a 4096-chamicl analyzer. 

Most of the measurements were carried ont with a ontillation gumma-ray spectrometer of low 
background, which contained two NaI(TI) detectors, each 23 cm In diameter and 13 cm long, with 
10 cm pure Nal light guides. The detectors were operated in singles and coincidence modes with a large 
plastic scintillator In anticoincidence. Further background reduction was achieved with a massive lead 
shield 20 cm thick. The data acquisition system included a coinddcncc-anticoincldcncc logic circuit 
interfaced to a 4096-channel analyzer. Singles data from each Nal(TI) detector were recorded, and 
coincidence events were sorted In n 63 x 63-channel matrix. The mechanical design and performance 
of this system have been discussed in detail by Eldridge et ai (1973). 

Least-squares fitting of the gamma-ray spectra was performed on an IBM 360/91 computer with 
ALPHA-M, a program written by Schonfcld (1967), Standard gamma-ray spectrum libraries were 
acquired by measurement of replicas containing radionuclide standards under the same experimental 
conditions as for the lunar samples. Replica fabrication, least-rquarcs data analysis, and results on 
analyses of radionuclide test mixtures were discussed by 0*Ke'ilcy et a} (1970) and by Eldridge et ai 
(1973). Errors listed in the tables below are overall estimates includin'* counting statistics and 
uncertainties in the calibrations. 


Results and Discussion 

Cosmogewc radionuclide concentrations 

Concentrations of cosmogonic radionuclides determined in this study are 
given in Tabic i. Values for short-lived nuclides have been corrected tor decay to 
2300 GMT December 14, 1972, the approximate time of departure of the lunar 
module’s ascent stage from the moon. 

The general pattern of radionuclide concentrations in Table I is profoundly 
different from that observed for samples from previous Apollo missions since, 
prior to collection, the Taurus-Littrow samples had been subjected to bombard- 
ment by the intense scries of solar flares of August 4-9, 1972. Large enhancements 
in the yields of 22 Na, ^Sc, 54 Mn t and 3rt Co are due to the solar event of August 1 972. 
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Table I Ctmccnlralnm* Idpm/kgi *>f vosmogenu. radionuvlidc* in Apollo I sample^ l>cva> orrccled 

U>2.50IUiMT. December 14. !«#?: 


Sample Ma%% 

number Type* If) M AI M N« m Mb Vo “Sc **V 'Be 




*05 

cr 

44* 

50*2 

15 1 1 

4b f b 

4b t b 

n i 

10 1 5 


< H 

449 

*♦4 

m * 4 

94 * |0 

104 - 10 

4 - 4 


7105 

1 B 

5b 2 

HO * b 

94 ♦ 7 

140 * |5 

290 ♦ 40 

70 • 50 



FB* 

25 • 


95 • 9 

IbO • Ml 

Mil • 70 

’it * 



MR 

iiw 

bO * 5 

bM * 4 

ISS • 1 

120 - 50 

1 



CB 

415 

m 1 2 

49 • 5 

95 r B 

— 

— 


TS20 

HK 

1057 

•. 5 

49 • 5 

5b • II 

51 • 20 

J 1 7 


TJM 

HR 

592 

704 

KM • b 

Kb • 20 

4b- 20 

— 



HR 

450 

in- • i 

W • b 

7» 1 12 

9b - 20 

• *5 


MM 

HR* 

2b! 

b7 * 1 

44 • 4 

5i • 1 4 

41 27 

5 2 2 



FB 

519 

44-4 

55 ♦ 4 

NO * |0 

MO ♦ 20 

25 • 10 


79151 

CB 

51b 

TO* 5 

b5 - 5 

I2n • 1 ? 

155 *K 

g • | 






S.-iU i 

1 mm fine* > 




Ttttt 

BS 

fB i 

b9 t 4 

b 2 t b 

102 * 1 5 

# . 



-|40l 

BS 

ion 

n 4 

N9 • 6 

155 2 15 

— 

— 


75121 

TT 

inn 

in 

IK9 * in 

15- | Si 

2 IK • 20 

15 2 5 


n«$i 

BS 

inn 

'4 • | 

12b - 4 

74 * |0 

119-12 

IS • | 


75141 

TB 

mi 

1 

i 5 

2 b* K 

20 * 10 

I0± 5 


75221 

SS 

4b. 5 

197 * in 

510- |4 

250 • 50 

no • 40 



• 

TT 

inn 


110-4 

MO • K 

94 * 10 

in • i 


m 1 1 

TB 

inn 

57 * 4 

d i 

52 * 12 

4 * 10 

| 



TB 

50 5 

M 

42 *9 

40 • 40 

— 

— 


MM 

RS 

97 9 

90 • 9 

90 • 9 

Ml • 10 

120 - 12 

IB • 4 

15* 10 

7«50l 

RS 

III 

90 • 9 

104 • 10 

9b * 10 

|40 • 10 

50 • b 

III • K 

M82I 

Tr- 

inn 

|K» 

Ibl - 10 

215 • 20 

4-0 * 25 

■ 

Ml M 

792bl 

io 

inn 

19 i 

45 ♦ 4 

44 *b 

2 b • 10 

1 4 • 4 



‘CH coarse basalt. FH fine basalt. VI H medium basalt HR breccia. HS bulk soil. TT 
trench top; TM trench middle. TH trench bottom. SS skim soil. RS rake soil 
•Fragment or chip sampled from large boulder 


The high intensity and energy of the flare made it possible for several groups to 
identify Be in a lunar sample for the first time During the preliminary examina- 
tion of the Apollo 17 samples O'Kelley el al . . Rancitelli el al .. and Schonfeld, all 
obtained results on Be concentrations of some samples by nondestructive 
gamma-ray spectrometry, and these data were published in LSPET (197Tb) In 
addition, Finkel el al. (1973) reported measurements of Be abundance in Apollo 
17 soils by use of destructive radiochemical analysis methods of high sensitivity. 

Because chemical analysis data are lacking for most of the samples reported 
here, detailed interpretations cannot be made in some cases However, the 
chemical analyses carried out during the preliminary examination of the Apollo 17 
samples and reported by I.SPKT (1973a. 1973b) showed that the major element 
compositions of rocks and soils at Taurus-1. ittrow are similar to those at the 
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Apollo 15 site. Further, the variation in major element concentrations of specific 
types ' geologic samples appears to be sufficiently regular to permit estimation of 
target element concentrations where needed. 

Except for the Fra Mauro materials, surface samples from previous Apollo 
sites typically showed 3 "Al/“Nu concentration ratios &2 for samples in which the 
’'A! concentration had reached its saturation value. Such concentration ratios 
have proved to be useful guides in searching for rocks with low exposure, since 
the M Na concentration measures short-term exposure and the ,I4 AI concentration 
determines cosmic ray exposure on a scale of a few million years. However, the 
ratio !6 AI/“Nn in most Apollo 17 samples is close to unity because the intense 
solar flare bombardment in August 1972 more than doubled the amount of M Na 
already present before the flare occurred. In addition, uncertainties in chemical 
composition of the samples make it difficult to identify samples of low exposure 
with respect to the 0.74 m.y. half-life of S "AI 

The elevated yields of ,6 Co and 34 Mn over samples examined previously are 
due to solar proton bombardment of iron. As will be shown later, the ‘"Co 
concentration is especially useful in measuring the total proton flux, while ,4 Mn is 
a product of higher energy proton bombardment and is helpful in determining the 
rigidity of the proton energy distribution. 

Similarly, the high yields of 4 "Sc in Apollo 17 surface samples arise from solar 
proton irradiation of titanium. Concentrations of 46 Sc, corrected for galactic 
cosmic ray production in iron, correlate well with estimates and measurements of 
titanium target clement concentrations in these samples. Although sixteen-day 4 *V 
is produced in solar flares by the reaction 4 “Ti(p, «) 4 *V, over four months had 
elapsed between the August, 1972 solar flare and collection of the samples at 
Taurus-Littrow. Because of this long decay period following the solar flare, the 
concentrations of 4 *' V reported in Table I correspond to the steady-state concen- 
tration of 4,, V expected (O’Keltcy et ah, 1972) for the bombardment of iron by 
high-energy, galactic protons. 

Concentration patterns for some of the radionuclides discussed above suggest 
that some of the rocks listed in Table 1 were shielded at least partially from the 
most recent solar flare. Three possibilities are 73215, for which no orientation 
exists, 70185, which may have been buried, and 78597, a rake sample. Addition- 
ally, 70135 and 76295 are boulder chips which either were shadowed by overhang- 
ing boulder material as partial shielding, or were irradiated by a solar proton flux 
whose average energy was a function of the incident angle. The latter explanation 
based on solar proton anisotropy has been applied by Rancitelli el al. (1974) to 
explain the low ratio of 5 "Co to 54 Mn in boulder chip 76295. 


Characterization of the August 1972 solar flare 

Chemical analysis data are lacking for many of the samples which might be 
used to characterize the solar flare of August, 1972. For this reason, 3 "Co and 54 Mn 
concentrations may be used to advantage, since both are produced by solar proton 
bombardment of iron, and concentrations of iron in the Apollo 17 samples 
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concerned may he estimated by analogy to samples of known composition to an 
accuracy of about t 1 (K^ Excitation functions for production of *Co and ,4 Mn 
arc shown in Fig I from the work of Brod/inski et al (1971) and references 
therein As shown in Fig. 1 the excitation function for production of *Co from 
iron has an effective threshold of about h MeV, hence, the *Co concentrations in 
thin surface samples is especially useful as a monitor of total proton flux. 
Information on the rigidity of the flare can be derived from the yields of ' 4 Mn. a 
product of higher energy proton bombardment, with a threshold of about 25 MeV. 

Data on solar flare production of ,4 Mn and **( o in five thin surface samples arc 
compiled in Table 2. Concentrations shown earlier in Table 1 were corrected for 
galactic cosmic ray production by methods discussed by (TKelley et al. (I97|), 
and then the solar production component was corrected for decay to August 7, 
1972. The low-energy product *Co exhibits very high concentration gradients at 
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Table 2, Solar flare product ion of “M n and ’“Co in thin surface samples.* 


Sample 

Type 

“Mil 

(dpm/kg) 

“Co 

(dpm/kg) 

'Vo 

M Mii 

71135 

Chip 

155*40 

890 1 160 

5,7 

71136 

Chip 

182 ±80 

920 ±220 

5,1 

73121 

Trench Top 

152 ±25 

660 ± 70 

4,3 

73221 

Skim Soil 

275 ±30 

2540 ±130 

9.2 

79221 

Trench Top 

255 ±30 

1460 ±80 

5,7 


‘Decay corrected to August 7, 1972. Concentrations of *‘Mn and “Co 
shown in Table I were corrected for galactic cosmic ray production. 


exposed surfaces, so the concentrations of ,6 Co determined for the thin surface 
samples of Table 2 are very high with respect to the high-energy product M Mn. 
This is especially striking in the case of skim soil 73221, which has an effective 
thickness of only about O.fig/cm’ and a concentration ratio 5A Co/ 54 Mn of 9.2. 

The data were analyzed in terms of a model which for simplicity assumed the 
solar proton spectrum to be of the form 


where J is the proton flux, E is the proton energy in MeV, k is a constant related 
to the flare intensity, and a is a shape parameter which measures the average 
energy of the flare. The model assumed the irradiated surface to be an infinite 
plane. The proton energy spectrum and relative flux were calculated as a function 
of depth, assuming that the number of secondary particles was negligible. 
Production of M Mn and w Co within each differential of thickness was obtained by 
integrating the product of the number of target atoms and the excitation function 
for the appropriate reaction over the attenuated energy spectrum. Details of more 
extensive calculations of this type have been discussed by Reedy and Arnold 
(1972) and by Rancitclli et al. (1971), 

Results of the analysis arc given in Table 3 and arc compared with a report by 
Rancitclli ct al. (1974) and a summary of satellite measurements compiled by King 
(1973). Agreement between all groups is quite satisfactory, even though the first 
two measurements of Table 3 were carried out on lunar surface samples and the 
data compiled by King (1973) were obtained from satellite measurements in a 
relatively unshielded region of space. The very high value obtained for the 
integrated proton flux J t (> 10 MeV) = 1.9 x 10 ,n protons/cm 1 verified that the solar 
flare event of August 4-9, 1972 was the largest of solar cycle 20. In fact, the solar 
proton fluenccs observed for the period August 4-9, 1972 constiluteu about 70% 
of the proton fluence above lOMcV for the entire cycle (King, 1973). A shape 
parameter a = 1.9 also implies that, the average energy, or “rigidity,” of the 
protons from the August 1972 flare is much higher than the average energy of the 
present solar cycle, which is characterized by a shape parameter a —3.0. 
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Tabic 3. Intcgnilcd proton flux JA * 10 MeV) it ml spectrum data 
for the August 4-9, 1972 solar flare. 


J.MOMeV), 

Shape 


prolons/cm 7 

parameter,* a 

Reference 

1,9 x 10'“ 

1.9*2? 

Present work 

1.58x10'“ 

2.0 £0.1 

Runcitelli et al, (197*1) 

2.25 x !0'“ 

— 

King (1973) 


*Thc parameter « in the energy distribution dJIdE - kE 


Trench samples 

Of thirteen soil samples from the valley of Taurus-Uttrow which we have 
analyzed, more than half were associated with trenching operations. Because 
samples from a trei.ch give a rather low-resolution view of the variations in 
radionuclide concentration with depth, as compared with that obtained from 
segments of a core in the lunar regolith, our discussion will be rather qualitative. 
However, trench samples arc of much more interest for their information on 
color, texture, mineralogy, and chemistry (Eldridge cl «/., 1974). 

Sample 73121 was discussed earlier, and sample 73141 was taken from a trench 
near 73121 at a depth of 15 cm in the light mantle. The radionuclide concentrations 
found at 15 cm depth and shown in Table 1 are those expected for galactic cosmic 
ray production. Not related to this trench, as might be expected from its number, 
is 73131. This sample was removed from the wall of a 2 m diameter crater, 15 cm 
down the crater wall and may contain particles from the comminution of a soil 
clod or soft breccia removed simultaneously with the soil. Sample 73131 has 
received an intense, recent, solar-flare irradiation; however, the concentration of 
3 *AI appears to be well below the surface saturation value. Although speculative in 
the absence of more detailed information concerning the sampling procedures 
used, the low If 'Al content of 73 1 3 1 suggests that the small 2 m crater at Station 2a 
was formed within the last million years. 

From Station 3 we obtained a skim soil 73221, light-gray soil 73241 from 0 to 
5 cm depth of a trench, a medium-gray soil 73261 from 5 to 10 cm depth, and a 
light-gray soil 73281 from an adjacent zone in the trench, also from about 5 to 
10 cm depth. Again, the expected depth dependence was found, as shown in Tabic 
1. It will be noted that for our present purpose, 73261 and 73281 are duplicate 
samples and exhibit essentially the same radionuclide concentrations. 

At Station 9, on the southeast flank of the Van Serg Crater ejecta blanket, 
sample 79221 was taken from the uppermost 2 cm of a trench. Data from this 
sample were used earlier in Table 2. Sample 79261, from a sampling depth of 7 to 
17 cm, was removed from a light-gray or white layer. The expected decrease in 
radionuclide concentrations from surface to depth again was noted. The concen- 
trations of 3S A1, !! Na, H Mn in 79261 agree well with calculations of galactic cosmic 
ray production rates (cf. Reedy and Arnold, 1972), but concentrations of ,f, Co and 
4 *Sc arc somewhat higher than expected. 
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Radionuclides produced by solar proton bombardment, especially ’''Co, arc 
sensitive indicators of the mixing of surface soil into deeper trench samples. Data 
on 5fi Co presented in Table 1 demonstrate that the trenching discussed in this 
section was carried out under excellent control. Only 79261 may show evidence 
for material mixed from above. 
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Abstract- -Our previous studies on the distributions of K, Th, U, Na, 

pc c A 

A1 , and 3 71n in material from Apollo 16 and 17 have been extended to 
include 12 samples from additional sampling stations and with a greater 
range of properties. Samples were: from Descartes, 60618, 63320, 63340, 
65785, 67016, 67115; and from Taurus-Li ttrow, 70315, 70321, 71546, 72155, 
72161, 74245. 

Soils from station 13 at Descartes were 20-30% lower in primordial 
radioelements than for average amounts at eight other stations. Two light- 
matrix breccias, 67016 and 67115, contained 3 to 5 times smaller concen- 
trations of K, Th, and U than those found for other breccias at North Ray 
Crater. Anorthositic rocks 60618 and 65785 have K/U ratios near the average 
values for Apollo 16 materials, but 60618 exhibits a Th/U ratio of only 2.3, 
the lowest we have observed for Apollo 16 materials. 

Surface soil 72161 was collected in a dark valley floor area adjacent 
to the light-mantling detritus from the South Massif, but its primordial 
radioelement content most closely resembles that of North Massif soils. 
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The distribution of K, Th, and U in Apollo 17 basalts supports the trends we 
observed earlier. Values for Th/U of 2.7 ± 0.3 and K/U of 4200 ± 500 are 
typical of coarse and medium basalts. The fine basalts generally have 
Th/U >3.0 and K/U of 3000 ± 500, which supports the speculation that two 
or three subfloor basalt units were sampled at Taurus-Li ttrow. 

Cosmogenic radionuclide contents of shadowed soil 63320 indicate that 
the shielding geometry of Shadow Rock was established about 3 m.y. ago and 
that the recent shielding of 63320 from solar cosmic rays was only ^80%. 

The following rocks were found to have concentrations of A1 below the 
expected saturation level, indicating a short exposure or partial shielding: 
67016, 67115, 67785, 70315, 71546, 72155, and 74245. The surface samples 
from Apollo 17 again showed the effects of the intense, proton-accelerating 
flare of August, 1972, particularly in the very high concentrations of 
22 Na and 54 Mn. 
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INTRODUCTION 

Previous studies by Eldridge et aL (1973a, 1974) and O' Kelley et al. 
(1974) on suites of twenty-six samples each from the Descartes and Taurus- 
Littrow landing sites were performed in order to expand our knowledge of 
the distribution of the primordial radioelements K, Th, and U over the 
lunar surface. The overall concentration and distribution of these radio- 
elements plays an important role in explanations of the moon’s thermal 
history and its contemporary, experimentally determined heat flow. 

Elemental correlations have served as indicators of differentiation 
among various lunar materials returned to earth by the six Apollo and 
the two Luna missions. The constancy of Th/U at ^<3.8 in samples from the 
early Apollo missions was noteworthy (0 1 Kelley , et aj[. , 1970b). in samples 
from later Apollo missions, especially the Apollo 17 basalts, ratios of 
Th to U were sometimes <3.0 (Eldridge et ah , 1974). Indications that sepa- 
rate basalt flows existed in the subfloor of Taurus-Li ttrow could be in- 
ferred from the correlation of Th/U and K/U ratios with sample location. 

Cosmogenic radionuclide concentrations are determined simultaneously 

with the primordial radioelements by the technique of nondestructive 

gamma-ray spectrometry. Cosmogenic radionuclides are those produced by an 

activation process whereby solar or galactic cosmic-rays interact with a 

stable target element, producing one or more radioactive species. Compari- 

26 22 

son of con:entrations of selected radionuclide pairs such as Al and Na 
may be used to calculate surface exposure ages (or apparent burial) over a 
time span of a few hundred thousand to a few million years. Such radio- 
nuclide determinations have also been useful in determining lunar sample 
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orientation (O'Kelley et a^, , 1970b) and in characterizing solar flare acti- 
vity (O’ Kelley et al_., 1974). 

EXPERIMENTAL METHODS 

Data collection, system calibrations, and computer resolution of the 

gamma-ray spectra obtained with our anti -coincidence shielded, low-level 

spectrometer have been previously described (O'Kelley ejt aj.. , 1970b) and 

(Eldridge et aJL , 1973b). Calibration replicas were used for all samples 

in this study, and standard spectral libraries were acquired under the 

same experimental conditions as the lunar samples. Error values quoted 

include estimates of all errors, including system calibrations and counting 
statistics. 

RESULTS AND DISCUSSION 

Primordial radioelements- Apollo 16 

Identification numbers of the four rocks and two soils comprising the 
present suite of Descartes samples are underlined in the Apollo 16 traverse 
map of Figure 1. Two unsaved soil samples (63320 and 63340) collected be- 
neath the overhang of Shadow Rock at station 13 were measured in this study. 
These were originally called "permanently shadowed samples", but the geometry 
of the photographs was inadequate to determine whether the deep niche sampled 
was exposed to part of the late afternoon sun. It is likely that the sample 
area is exposed to direct sunlight for part of each lunar day (ALGIT, 1972). 
Cosmogenic radionuclide determinations discussed below support this conjecture. 
Shadow Rock is located on the southeast part of the North Ray crater ejecta 
blanket, approximately 550 m from the crest of the crater rim. The ejecta 
material is fine-grained; sample 63320 was taken as the representative 
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shadowed so < l, with 63340 a control sample from below 63320. 

The primordial radioelement concentrations measured in the shadowed 
soils are shown in Table 1. It can be seen that the two soils 63320 and 
63340 are identical to one another in radioelement concentrations and are 
slightly lower in Th and U than soil 63501 collected 8 m away. All three 
soils at station 13 were ^20-30% lower in radioelement content than the 
average of 11 soils from 8 stations (compare with the eight-station average 
listed as the first entry in Table 1). 

Ulrich (1973) provided a geologic model and a stratigraphic sequence 
for North Ray Crater. The interpretation was based on combined evidence of 
rock distributions on the crater rim and photography of the crater wall. Ulrich 
(1973) showed th it "Outhouse Rock" (67937) probably came from below 100 m depth 
in North Ray Crater. In our suite of samples, two breccias, 67016 and 67115, 
were taken at North Ray Crater. Sample 67115 was collected inside the rim crest 
in the vicinity of 67055 from our previous suite. Sample 67016 was collected 
from the rim crest. Both samples are light-matrix breccias, and radioelement 
concentrations for them are shown in Table 1 and are compared with 67055 and 
67937 from our previous study. If stratigraphic units at the North Ray site 
contain similar radioelement concentrations, then 67055 came from below 100 m 
depth (similar to 67937) and 67016 and 67115 probably came from a shallower 
stratigraphic unit. Figure 2 shows a map of the station 11 sampling area where 
the location of the two light-matrix breccias of this study (67016 and 67115) 
may be seen in relation to the previously-studied breccias (67937 and 67055) 
that contain K, Th, and U concentrations about 3 to 5 times greater than 67016 
and 67115. These limited sample observations would tend to verify the strati- 
graphic interpretation of Ulrich (1973) that the North Ray crater event 
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penetrated a thin Cayley layer that possibly originated from Orientale. The sub- 
Cayley materials from lower regions of North Ray crater are KREEP-rich, but 
considerably less so than the Fra Mauro breccias we studied from the Apollo 14 
collection (Elaridge et. al_. , 1972). 

Two rare anorthositic rocks from the Apollo 16 rake collection were analyzed: 
65785, a spinel troctolite, and 60618, a melt rock. Taylor et ah , (1973) des- 
cribed the spinel -troctolites as rocks consisting predominantly of plagioclase 
and olivine, with (Mg, Al)-spinel as a common accessory mineral. Due to the 
abundance of spinel -troctolites in Apollo 16 and Luna 20 soils, those authors 
indicate that such materials are a widespread lithology in the lunar highlands. 

Due to the low Fe/(Fe + Mg) ratio, they suggest that the spinel troctolites 
are among the most primitive materials returned from the moon. Electron micro- 
probe analyses of small samples from these inhomogeneous rocks yielded K con- 
centrations which differ considerably from the accurate, whole-rock values shown 
in Table 1 for 60618 and 65785 (Dowty e_t al_, 1974). Comparision of Th and U con- 
centrations of the spinel-troctolite (65785) with previously studied Apollo 16 
materials indicates a similarity with 62295, a "very high alumina" rock that 
has been called a troctolite and used as an important constituent of a mixing 
model study of lunar highland rock types (Schonfeld, 1974). Due to the simi- 
larity of composition and the primitive nature of the materials, anorthosites 
65785 and 62295 will probably be important samples for future investigations. 
Additionally, we note that 60618 is unique in our suite of Apollo 16 samples 
in that it exhibits the lowest Th/U ratio (2.3) that we observed in all Apollo 
16 materials, although the K/U ratio is similar to that of other Apollo 16 
samples. 
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Primordial radioelements - Apollo 17 

Special samples were collected during EVA-2 and -3 at Taurus-Li ttrow 
by the use of a long-handled sampler (LRV sampler). Such samples were 
necessarily "grab" samples due to the restricted view of the sample area 
by the crew, who did not dismount from the LRV. Two pairs of LRV samples 
are included in this study and are indicated by underlines on the traverse 
map shown in Figure 3. Each pair consisted of a soil and a rock and were 
collected at LRV-3 during EVA-2 and at LRV-12 during EVA-3. 

The LRV-3 sample stop was at a site in the dark mantle between the 
main body of light mantle and a finger of light mantle that lies to the 
southeast. The area resembles the dark mantle surface at LRV-1 between 
Horatio and Bronte craters, rather than the dark mantle surface in the 
vicinity of the LM or station la. The rock sample at LRV-3 (72155,1) is 
a medium-grained basalt from a cluster of rocks on the surface that is not 
clearly related to any crater. The soil sample (72161,26) is typical of 
the surface material in a dark mantle area free of large blocks (ALGIT, 1973). 
The LRV-12 sample stop is located about 1/3 of a crater diameter out from 
the rim of Sherlock crater in an area mapped as dark mantle. Due to the 
proximity to Sherlock crater, it was speculated (ALGIT, 1973) that the LRV-12 
rock sample (70315) is a subfloor basalt excavated from a depth of 50-90 m by 
the Sherlock event. The accompanying soil (70321 ,l‘i is probably representative 
of the dark mantle surface (ALGIT, 1973). 

The other two Apollo 17 samples in this study are: 71546, a fine-grained 

basalt fragment from the rake sampling about 150 m from the northwest rim of 
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Steno crater at station la; and 74245, a fine-grained basalt from the end 
of the station 4 trench in the south rim crest of Shorty crater. Field 
geological studies indicate the wall, rim, and flank materials are Shorty 
crater ejecta derived largely from materials above the subfloor, with 
basalt blocks at station 4 coming from the subfloor materials. 

Results of the radioelement concentrations in our current Apollo 17 
samples are presented in Table 2 along with average values for the fine- 
medium- and coarse-grained basalts from our previous study (Eldridge et al . , 

1974). The basalts in this group all have characteristically low values of 
Th/U that average 2.8, whereas the K/U ratio varies with texture. The 
previous K/U average for fine-grained basalts was 2930, 4015 for medium- 
grained and 4590 for coarse-grained basalt. Note the K/U ratio for 74245 
in Table 2 of 4770. Such a high value would classify this Shorty crater 
basalt into the same deep subfloor basalt flow as most of the Apollo 17 
coarse-grained basalts. Sample 71546, with its fine-grained texture 
and K/U value of 3333> fi ts the previous classification for the uppermost 
basalt unit. Sample 70315, the LRV-12 rock that probably was ejected (ALGIT, 

1973) from a depth of 50-90 m, has a K/U value that would tend to classify it as an 

intermediate basalt flow sample, even though its texture would place it in 
a deeper zone. 

The pattern of primordial radioelement concentrations in the two soils 
of this study fits the field geology interpretation in the case of the 
LRV-12 soil 70321. The K, Th, and U concentrations are very similar to 
other "dark mantle soils" such as 71131 and 71501 that we previously studied. 
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However, soil 72161 collected at LRV-3 has a pattern that more closely 
resembles that of North Massif soils 76501 and 78501 from our earlier 
studies (Eldridge, et al_. , 1974) than it does those of the dark mantle 
materials. This finding is in good agreement with the results of Rhodes, 
ejb al_. , (1974) who categorized Apollo 17 soils into three distinct chemical 
groups and classified sample 72161,6 as a “North Massif" type of soil. 

Potassium - uranium systematics 

Early studies of radioactivity in lunar samples indicated a distinct 
difference in the ratio of K to U in comparison with chondrites and ter- 
restrial rocks (O' Kelley, et aU , 1970a, 1970b and 1971). In those mare 
basin samples, the K/U ratio fell within a narrow range of 1300-3200, even 
though the potassium concentration varied over the range of ^500-20,000 ppm. 
Figure 4 indicates the mass ratio K/U as a function of potassium concentration 
for all six Apollo sampling missions in relation to similar values for ter- 
restrial and meteoritic materials. In contrast to the narrow K/U range for 
earlier missions, basalts from the Apollo 15 and Apollo 17 missions form 
a unique clustering that overlaps the eucrite zone. 

It is also apparent that a trend line exists between the coordinates of 
the Apollo 17 basalts on the one hand and the point labelled KREEP on the 
other. Note that Apollo 17 soils and breccia fall on such a trend line at 
points intermediate to the end members. Schonfeld (1974) investigated the 
possibility of highland rocks such as "very high alumina basalts" or "Tow- 
potassium Fra Mauro basalts" being mixtures by a mixing model calculation 
using up to 27 chemical elements. He showed that it is possible to generate 



such rock types by mixing dunite, "anorthosite", and KREEP. He developed 
a trend line with KREEP and (spinel) troctolite as end members of the 
mixtures. It is interesting to note that the two important Apollo 17 rake 
samples --60618, with K/U = 2390 and K = 670 ppm; and 65785, with K/LI = 

1910 and K = 1850 ppm— fall on a trend line intersecting the coarse-grained 
Apollo 17 basalts and KREEP. In addition to the variations among basalts, 
soils and breccias for the Apollo 17 samples discussed above, the textural 
variations in the Apollo 17 basalts are reflected in the near-vertical 
clustering of K/U values at the potassium concentration of ^300-600 ppm. 

The range of K/U for such basalts is 1680-5000. 

The later Apollo missions have provided a unique suite of samples 
that confirm the extreme differentiation in lunar crustal materials. The 
primordial radioelement relationships may be coupled with past and future 
orbital gamma-ray and x-ray experiments to delineate the crustal distributions 
of these important materials. 
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Cosmogenic radionuclides 

The 2-1/2 years between collection of samples and the measurements re- 
ported here precluded a determination of short-lived radionuclides. However, 

54 

312-day Mn was detected in many of the Apollo 16 samples and all of the 
Apollo 17 samples, in addition to 2.6-year 22 Na and 7.4 x lO^-ye&r 2 ®A1. Re- 
sults on these three cosmogenic species are summarized in Table 3. 

As mentioned earlier, Descartes soils 63320 and 63340 were collected in- 
side a hole at the south end of Shadow Rock, in an attempt to obtain permanently 
shadowed soil. Field geology studies (ALGIT, 1972) suggested that the samples 
may not have been completely shielded. Additionally, Imamura et al_. (1974) 
found that the concentration of 3.7 x 10 -year Hn in sieved soil 63321 was 
higher than the production expected from galactic cosmic rays alone. 

no 

The short half-life of (2.6 years) makes it a useful indicator of re- 
cent solar cosmic-ray exposure, while 4D A! (7.4 x 10 3 years) measures exposure 
history over a longer time scale. An appropriate comparision standard was the 

QO 

Na concentration of 63501 determined previously (Eldridge et aj_. , 1973a). 
Surface soil 63501 was taken about 8 m from Shadow Rock and is assumed to have 
experienced negligible shielding from the sun (AFGIT, 1972). After correction 
for galactic cosmic- ray production of Na in 63501 and 63320 we estimated that 
63320 was exposed to about 20% of the solar cosmic ray flux seen by exposed soil 
63501, i.e. the shadowed soil 63320 was about 80% shielded from the sun. 

The saturated activity of 2 ^A1 in 63320 was taken to be 220 dpm/kg, the con- 
centration found for 63501. After correction for galactic cosmic ray production 

26 

and for the 20% solar cosmic ray exposure, an excess of about 20 dpm/kg of A1 

remained over that expected for 63320 in its present location. This excess may 

2fi 

be attributed to decay of initially saturated A1 over a period of about 3 m.y. 
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These results are consistent with the conclusion that the shielding geometry 
of Shadow Rock was established about 3 m.y. ago, and afterward the shielding 
of 63320 with respect to solar cosmic rays was only about 80%, Such a con- 

cq 

elusion is •’n qualitative agreement with the Mn data of Imamura et al_. (1974). 
The time scale is difficult to establish with precision, because the Al con- 
centrations of Table 3 show that the top layer of shadowed soil (63320) and 
the reference soil below (63340) were slightly mixed during sampling operations. 
Earlier studies of Apollo 16 samples by Clark and Keith (1973) and by 

Eldridge et al_. (1973a) showed that several rocks in the vicinity of North 

26 

Ray crater were unsaturated in A1 content. These results were confirmed 

by Yokoyama et ajk (1974). We have applied the criteria for saturation of 
26 

Al suggested by Keith and Clark (1974) and by Yokoyama et al_. (1974) to the 

Apollo 16 rocks of Table 3. Rock 67115,9 was found to be unsaturated in Al , 

confirming the earlier measurements by Clark and Keith (1973) on the same 

sample. Although no chemical analysis data exist for light matrix breccia 

26 

67016,2 it also appears to be unsaturated in Al. 

Two small anorthositic rocks from the Apollo 16 rake collection were 

26 

studied. Sample 60618, 20.5 grams, appears to be saturated in Al , while 
67785, 5.0 grams, is considerably undersaturated. However, the small sample 
sizes and the preliminary nature of the chemical analysis data introduce 
some uncertainty into these conclusions. 

The Apollo 17 collection included two pairs of samples from LRV stations 
(cf. , Fig. 3). Coarse basalt 70315 and reference soil 70321 were taken at 
station LRV-12, and medium basalt 72155 and soil 72161 from LRV-3. Both of 
these soils were poorly documented, and it is only known that they were taken 
from the top few centimeters of the surface (ALGIT, 1973). Cosmogenic radio- 
nuclide concentrations in these samples closely resemble those of other 
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Apollo 17 bulk surface soils discussed in detail by O'Kelley et al_. (1974). 

The effects of the August, 1972 solar flare are apparent to some extent 

26 

in all Apollo 17 samples reported in Table 3. The A1 concentration in 

basalts 70315 and 72155 is below the expected saturation value, indicating 

22 

a short exposure age or shielding due to soil cover. The Na data are 
difficult to evaluate but are consistent with partial shielding. 

Rock 71546 is a fine-grained basalt, one of the larger fragments col- 
lected as part of the rake sample at station la. Most of the rake fragments 
were partially or even completely buried prior to collection. Sample 71546 
shows evidence of partial shielding from the intense solar event of August, 
1972, and so was probably one of the covered, near-surface samples. 

Sample 74245 was a small fragment of fine-grained basalt from station 4. 
It was collected with a sample of gray soil from the ends of the trench cros- 
sing the zone of "orange" soil. No documentation of this rock is available, 
but its cosmogenic radionuclide content suggests that 74245 was buried 
several centimeters deep before it was removed from the sampling ’trench. 
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Table 

1. Apollo 

16 radioelement 

concentrations. 



Sample 







Number 

Type 

K(ppm) 

Th(ppm) 

U(ppm) 

Th/U 

K/U 

8 Sta Avg 

<1 mm fines 

940 ± 50 

1.95 ± .09 

0.54 ± .03 

3.61 ± .26 

1740 ± 130 

63501* 

<1 mm fines 

728 ± 50 

1.53 ± .08 

0.41 ± .03 

3.73 ± .34 

1780 ± 180 

63320 

Unsieved fines 

800 ± 40 

1.35 ± .07 

0.39 ± .03 

3.46 ± .32 

2050 ± 190 

63340 

Unsieved fines 

790 ± 40 

1.33 ± .07 

0.40 ± .03 

3.33 ± .30 

1980 ± 180 

67016,2 

Brecci a 

485 ± 25 

0.69 ± .03 

0.20 ± .01 

3.45 ± .23 

2420 i 180 

67115,9 

Breccia 

475 ± 25 

0.44 ± .02 

0.12 ± .01 

3.67 ± .35 

3960 ± 390 

67055* 

Breccia 

1620 ± 80 

3.69 ± .18 

0.98 ± .05 

3.77 ± .27 

1650 ± 120 

67937* 

Breccia 

1650 ± 90 

3.24 ± .16 

0.96 ± .05 

3.38 ± .24 

1720 ± 130 

60618,0 

Crystalline 

670 ± 50 

0.63 ± .06 

0.28 ± .03 

2.25 ± .32 

2390 ±310 

65785,0 

Crystalline 

1850 ± 150 3.03 ± .18 

0.97 ± .07 

3.12 ± .29 

1910 ± 210 

62295,0* 

Crystalline 

630 ± 30 

3.20 ± .15 

0.82 ± .05 

3.90 ± .30 

770 ± 60 


*Data previously described in Eldridge et al_. , (1973). 


Table 2. Apollo !7 radioelement concentrations. 


Sample 

Number 

Type 

K(ppm) 

Th(ppm) 

U(ppm) 

Th/U 

K/U 

* 

'» Sple. Avg. 

F. basalt 

382 

0.40 

0.14 

3.00 ± -26 

2930 2 260 

74245,0 

F. basalt 

620 ± 30 

0.40 ± .03 

0.13 ± .02 

3.08 2 -53 

4770 2 770 

71546,0 

F. basalt 

500 ± 25 

0.40 ± .03 

0.15 ± .02 

2.67 2 .41 

3333 2 475 

* 

4 Sple. Avg. 

M. basalt 

444 

0.38 

0.11 

3.48 2 .24 

4015 2 240 

72155,1 

M. basalt 

525 t 25 

0.36 ± .02 

0.13 ± .01 

2.77 2 .26 

4040 2 365 

* 

6 Sple. Avg. 

C. basalt 

495 

0.34 

0.11 

3.12 2 .16 

4590 2 250 

70315,0 

C. basalt 

400 ± 20 

0.27 t .02 

0.10 ± .01 

2.70 2 -34 

4000 2 450 

70321,1 

< 1 mm fines 

595 ± 30 

0.73 ± .07 

0.26 ± .03 

2.81 2 .42 

2290 2 290 

72161,26 

< 1 mm fines 

795 t 40 

1.47 ± .08 

0.45 ♦ .04 

3.27 i .34 

1770 2 180 


*Eldridge et aK (1974). 


Table 3. Concentrations (dpm/kq) of cosmogenic radionuclides.* 


Sample 

Number 

Mass (g) 

22 Na 


26 A1 

54 Mn 




Descartes 




60618,0 

20.5 

45 ± 

10 

170 ± 9 

— 


63320,17 

50.0 

25 ± 

5 

69 i 3 

40 ± 20 


63340,18 

50.0 

28 ± 

6 

91 ± 4 

< 50 


65785,0 

5.0 

45 ± 

35 

59 ± 6 

-- 


67016,2 

481.7 

35 ± 

3 

88 ± 4 

15 i 10 


67115,9 

161.6 

39 ± 

4 

67 ± 3 

30 ± 15 




Taurus-Li ttrow 




70315,0 

147.4 

82 ± 

8 

67 ± 4 

165 ± 10 


70321,1 

99.8 

130 ± 

10 

114 ± 8 

195 t 20 


71546,0 

148.7 

94 ± 

7 

70 ± 3 

165 ± 30 


72155,1 

160.6 

68 ± 

5 

54 ± 3 

125 ± 10 


72161,26 

99.7 

190 ± 

12 

166 ± 10 

220 t 20 


74245,0 

61.4 

28 ± 

2 

30 ± 2 

60 i 12 



Concentrations of 22 Na and 54 Mn corrected for decay to 23 Aoril 1972 and 14 Oe center 1972 for Apollo 16 and 


17 samples, respectively. 
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CAPTIONS TO FIGURES 

Fig. 1 Traverse map of the Apollo 16 landing site. Sampling stations are 
shown as large, bold-faced numerals. Underlined sample numbers are 
those analyzed in this study; data on other samples listed were 
reported by Eldridge et al . (1973). 

Fig. 2 Map of station 11 at the Apollo 16 landing site. 

The dashed line denotes the rim crest of North Ray crater. From 
AFGIT (1972). 

Fig. 3 Traverse map of the Taurus-Littrow region. Bold-faced numerals 
indicate sampling stations. Underlined numbers denote samples 
analyzed in this study; data on the other samples listed were 
reported by Eldridge et al . (1974). 

Fig. 4 Values of the mass ratio K/U as a function of the concentration 
of K. Apollo 16 and 17 materials appear to follow a trend line 
with basalts and KREEP as end members. 
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